Transport process in molecular chain in nonequilibrium stationary state is theoretically investigated. The molecule is interacting at its both ends with thermal baths which has different temperatures, while no dissipation mechanism is contained inside the molecular chain. We have first obtained the nonequilibrium stationary state outside the Hilbert space in terms of the complex spectral representation of Liouvillian. The nonequilibrium stationary state is obtained as an eigenstate of the Liouvillian which is constructed through the collision invariant of the kinetic equation. The eigenstate of the Liouvillian contains an information of spatial correlation between the molecular chain and the thermal baths. While energy flow in the nonequilibrium state which is due to the first order correlation can be described by Landauer formula, the particle current due to the second order correlation cannot be described by the Landauer formula. The present method provides a simple and perspective way to evaluate the energy transport of molecular chain under the nonequilibrium situation.
I. INTRODUCTION
Recently there have been paid much attention to nonequilibrium transport processes through molecular wire junctions. [1, 2] As the system is shrunk down to a smaller size than the mean free path of a carrier, such as an electron, a phonon, or an exciton, the ballistic quantum transport exhibits a characteristically different feature from the corresponding bulk properties. For example, it was discovered that the electronic or thermal conductance of sub-micron size one-dimensional chain is quantized at low temperature. [3] [4] [5] [6] When the system size is further shrunk down to the nanometer size, a discretized energy level structure of a nanowire plays an important role in transport processes through the resonance effect. Recent ultrafast nonlinear optical spectroscopy has revealed the temporal behavior of relaxation process of the photo-excited molecular chain. [7, 8] Also in biomolecules, such as alpha-helix protein and DNA strands, which consists of molecular chain structures, the transport process in nonequilibrium state have been extensively studied in order to clarify the biofunctions of these molecules from a microscopic view point. [9] [10] [11] [12] [13] In order to understand the transport processes in the nonequilibrium stationary state, we need to know first of all how to describe the nonequilibrium stationary state with which a physical quantity can be obtained as an expectation value of an observable. While it is obvious that a stationary state is described by a canonical distribution in a thermal equilibrium, it is not so easy to find the explicit form of the stationary state for nonequi- * Electronic address: stanaka@p.s.cias.osakafu-u.ac.jp librium situation. Meanwhile a phenomenological Landauer formula has been extensively used as a useful tool to evaluate a transport coefficient in a nonequilibrium stationary state without explicitly describing the stationary state. There have been enormous works trying to make clear its microscopic foundation and its applicability in terms of nonequilibrium Green's function method, quantum Langevin method, and so on. [1, [14] [15] [16] [17] [18] [19] [20] [21] On the other hand, Prigogine and his coworkers have developed a theory of the nonequilibrium statistical mechanics in terms of the complex spectral representation of the Liouville-von Neumann super-operator, or simply called Liouvillian. [22, 23] They have clarified that the eigenvalue problem of the Liouvillian is classified into independent subspaces according to the order of correlations based on the concept of the dynamics of the correlation where the fundamental object is a correlation. In a classical gas system, for example, each correlation is characterized by the dependence of the distribution function on the wave number which characterizes the spatial correlation: The inhomogeneity is a correlation component which has a single non-vanishing wave number of a particle, while inter-particle correlation is a component which has several non-vanishing wave numbers of different particles. [24] [25] [26] This classification in terms of the correlation enables to transform the eigenvalue problem of the Liouvillian to the eigenvalue problem of the collision operator of the kinetic equation in a correlation subspace. It is well known that the collision operator plays a central role in nonequilibrium statistical mechanics, as seen in Boltzmann equation or Fokker-Planck equation. [22, 27] A striking finding of the theory is that the spectrum of the collision operator is identical with that of the Liouvillian, which signifies the direct link between the microscopic dynam-ics governed by the Liouvillian and the phenomenological kinetic theory. [24, 26, 28] Since the collision operator is non-Hermite operator, the eigenvalues can take complex values which reflects the dissipation of the system. The eigenstate of the Liouvillian is obtained from the eigenstate of the collision operator by operating a creation-ofcorrelation operator onto the eigenstate of the collision operator which represents the transition from a privileged correlation subspace to other non-privileged correlation subspaces. [24, 28] The eigenstate of the Liouvillian is then represented as a series of the correlation generated by the dynamics of correlation.
There have been a few applications of the theory to real physical systems, [23, 25, 29] but the transport processes in nonequilibrium situations have not been fully investigated yet in the context of dynamics of correlation. Our aim here is to apply the theory to the real mesoscopic system under nonequilibrium situation and to systematically derive the transport quantities in a stationary state.
In the present work, we consider a molecular chain coupled with different thermal baths at the both ends, where a quantum particle is confined in the molecule and it ballistically transfers within the molecule. An exchange of energy occurs between the molecule and the thermal baths, while there is no particle exchange between them as shown in Fig.1 . The nonequilibrium stationary state is obtained as the zero eigenstate of the Liouvillian which is represented by superposition of different order of correlations. A leading term is the non-correlation component, or called vacuum of correlation, followed by the higher order correlation components. As will be shown, the inhomogeneity component of a single particle is created by the second order interaction from the vacuum of correlation. This is contrast to the case of a well-known gas system where the inhomogeneity component is disconnected from the vacuum of correlation subspace by the interaction, thus is not created from the vacuum of correlation. [22] Once the nonequilibrium stationary state is obtained as a zero eigenstate of the Liouvillian, a physical quantity is evaluated as an expectation value of a corresponding observable in the stationary state. Since the nonequilibrium stationary state is an eigenstate of the Liouvillian, the expression of a physical quantity is justified from the microscopic dynamics without any phenomenological assumptions.
We have derived an expression of the energy flow with use of the nonequilibrium stationary state, and found that the first order correlation is responsible for the energy flow. We shall show that the expression of the energy flow is cast into the Landauer formula with a characteristic transmission function, because the first oder correlation is directly related to a collision operator which gives a transition probability between the molecular states, represented by Fermi's golden rule.
On the other hand, the physical quantity described by the higher order correlation cannot be reduced in the Landauer formula. As an example, we consider the particle current which is induced by external thermal force, as in the mechanical force when a molecule is subjected to an external electric field. However, it is well-known that the treatment of the thermal force is in general much more complex than a mechanical force, because the thermal force stems from a many-body dissipative effect. [30] We shall reveal that the particle current is attributed to the second order correlation component. Since there is no direct connection between the second order correlation and the collision operator, we cannot cast it into the Landauer formula unlike the case of the energy flow in this problem.
In Section II we present a model Hamiltonian of the molecular chain coupled with different thermal baths at its both ends. The eigenvalue problem of the Liouvillian is presented in Section III to obtain the nonequilibrium stationary state as zero eigenstate of the Liouvillian. Energy flow is obtained with use of the nonequilibrium stationary state and Landauer formula is derived in Section IV where we explain why the energy flow can be cast into the Landauer formula. In Section V, the induced polarization, or its conjugate current, is evaluated as an example of the higher order correlation which cannot be reduced to Landauer formula. We illustrate in Section VI an application to DNA molecular chain. In Section VII we give some concluding remarks.
For readers who are not familiar with the complex spectral representation of the Liouvillian in Appendix A we introduce the Liouville space and show the explicit expression of the interaction in terms of the Liouville basis, respectively. The complex spectral representation of Liouvillian is summarized in Appendix B where the eigenstate of the Liouvillian is given as a functional of the eigenstate of the collision operator. With use of the explicit expression of the interaction, we derive the collision operator in Appendix C. In Appendix D we derive a formula which we use in Section III.
II. MODEL
We consider a one-dimensional molecular chain consisting in N -molecular units each of which contains a single bound state. This molecular chain is coupled with two thermal baths at the both ends. The total Hamiltonian is written as
where H M and H B describe the molecular chain and the thermal baths, respectively, and the interaction is represented by H M B with a dimensionless coupling constant g. We consider that a quantum particle transfers in the molecular chain. The molecular Hamiltonian is then described by a one-dimensional tight binding Hamiltonian: where ε m is an energy of the bound state |m at the mth molecular unit as shown in Fig.1 . We denote the left end state as |L ≡ |1 and the right end state as |R ≡ |N . We assume that ε m = ε 0 in the middle of the chain for m = 2, . . . , N − 1, while the left and the right end states have different energies of ε L and ε R . The second term represents the particle transfer where we take into account only the nearest neighbor transfer; m, m in the second term denotes taking a sum of the nearest neighbor bound states. In the present work, we assume a constant value for the transfer integrals of J m,m = J for any m and m , and we take J = 1 as an energy unit which also becomes a unit of temperature. The eigenvalue problem of the molecular Hamiltonian H M with the N dimension is solved to obtain the N eigenstates as
where an eigenstate |Ej is represented by
Hereafter in order to avoid a heavy notation, we simply describe |Ej as |j . Both of the left and right thermal baths are assumed to be a three-dimensional harmonic crystal described by a Debye model in a large box of volume L 3 B . The Hamiltonian of the thermal bath systems reads
where b r,q (r = L, R) are the annihilation operators of the phonons of the thermal baths with the energy dispersion given by ω r,q = c|q|. We take the box normalization with a periodic boundary condition for the thermal bath systems which gives the discrete wave vectors for the phonon mode as
where j is a three-dimensional integer vector and q ≡ 2π/L B . In the large volume limit for the bath systems (L B → ∞), we have
where Ω ≡ (1/ q) 3 . With use of the density of states of the thermal phonon system per volume D ph (ω), we can change the integral of q to the integral of ω as
where
In Eq.(9) Debye frequency ω D is given by
where N B is a number of the normal phonon modes. In the present work, we take ω D to be large enough compared to the other parameters so that the value of ω D will not affect the results. The unperturbed Hamiltonian H 0 is then defined as a sum of H M and H B :
We consider the interaction between the molecule and the thermal baths represented by
where v r,q (r = L, R) are the interaction potentials, and we assume that v r,q is independent of Ω and q, i.e., v r,q = v r . We consider that in Eq.(12) the molecular chain is interacting with a thermal bath only at the both ends of the chain so that the energies of the end states |L and |R are fluctuated by the interaction. With use of the eigenstates of H M , the interaction Hamiltonian H M B is represented by In Fig.2 , we draw the molecular eigenstates |j of H M with the energy Ej. These states are coupled with thermal baths through the coupling of the end state components.
III. NONEQUILIBRIUM STATE AS AN EIGENSTATE OF LIOUVILLIAN
The time evolution of the total system obeys the Liouville-von Neumann equation
where ρ(t) is a density matrix of the total system and L is the Liouvillian defined by Lρ ≡ [H, ρ]/ . We assume that in the initial state the left and right thermal baths are in thermal equilibrium with different temperatures T L and T R , respectively:
Boltzmann constant. Hereafter we take k B = 1. The thermal distribution ρ eq r gives the Planck's distribution
In the present work, we shall use the Liouville space representation which is briefly summarized in Appendix A. As a basis set for the particle system we shall introduce a Wigner representation defined by
where |Y + η/2 and Y − η/2| are the eigenstates of
with the eigenvalue of
Note the property
By this definition, η = 0 and η = 0 represent the diagonal and the off-diagonal components of the density matrix of the particle, respectively. Note that the representation of |η, Y corresponds to the Wigner basis representation of |k, P of a Boltzmann gas system where k and P correspond to η and Y , respectively.
Similarly the Wigner representation is defined for the phonon systems, we write the usual Wigner representation for a (r, q) phonon mode as
where ν r,q ≡ n r,q − n r,q , N r,q ≡ n r,q + n r,q 2 .
The Wigner basis |{ν}, {N } satisfies
where {· · · } denotes a set of all the phonon normal modes and νω ≡ r=L,R q ν r,q ω r,q .
The eigenstates of the unperturbed Liouvillian is then represented by a tensor products of |η, Y and |{ν}, {N } as
In terms of the Wigner basis of the eigenstates of L 0 , we can classify the Liouville space according to the order of correlations. For that purpose, we introduce the projection operators that specify the correlation components, such as a one-particle distribution of the particlê P (η) , correlation between the particle and the phonon systemsP (η,νr,q) , and so on:
where {· · · } q1,q2,··· means a set of all the normal modes other than q 1 , q 2 , · · · . In order to consider the nonequilibrium stationary state which is obtained in the long time limit, it is appropriate to consider eigenvalue problem of L, instead of solving Eq. (14) as an initial value problem. For the system coupled with the thermal baths with an infinite degrees of freedoms, L may have a complex spectrum. As shown in Appendix B, the complex eigenvalue problem of the Liouvillian is classified by the correlations:
where (µ) is a combined index of (η, {ν}) in Eqs. (25) α for the total system composed of the particle and phonon systems. In Eq. (26), we have used |·)) notation instead of |· for the total system consisting in the particle and phonon systems. We briefly summarize the complex spectral representation of Liouvillian in Appendix B, and the reader could consult Refs. [23, 24, 26] for the details. Since the nonequilibrium stationary state is time independent and is achieved in the long time, we should seek for the zero eigenstate of L.
As have shown in Appendix B, by acting the projection operators on Eq. (26), we have the eigenvalue problem of a collision operator given bŷ
is a privileged component of |F
is a normalization constant which is given by Eq.(B17).
Here,Ψ (µ) is the collision operator familiar to nonequilibrium statistical mechanics. [22, 27, 30, 31] This operator is associated to diagonal transitions between two states corresponding to the same projection operator P (µ) :
is called the creation-of-correlation operator, or simply the creation operator. [24] Eqs. (26) and (27) show that the spectra of L andΨ are identical. This directly links the microscopic dynamics to macroscopic kinetic processes. We can expand the creation operator in a series expansion of g aŝ
The lower order expansion of the creation operator readŝ
Substituting Eq. (31) into Eq. (29) we have the expansion ofΨ (µ) (z) aŝ
On the other hand, the non-privileged component (Q (µ) -component) is obtained as a functional of the privileged component by using the creation operator as shown in Eq.(B7). The eigenstate |F (µ) j )) is then written as
Since the nonequilibrium stationary state |F
0 )) is a zero eigenstate of L, it is represented by the zero eigenstate of the collision operator |u
where the direction of the analytic continuation ofĈ
is indicated by z = +i0, which is consistent with the fact that the approach to equilibrium is achieved in our future. In the weak coupling case considered here, the eigenstate |F (0) 0 )) is represented by the expansion of the interaction up to the second order as
whereĈ
are given in Eqs. (32) . As shown in Appendix B, the left eigenstate is similarly determined by the expansion of the interaction up to the second order as is given by Eq.(B17). In order to determine |u (µ) 0 )), we shall now solve the eigenvalue problem of the collision operator Eq. (27) . Since the number of degrees of freedom of the thermal phonon system is infinitely larger than the number of molecular system N , it can be shown that theP (0) -component of the phonon systems does not change in time and stay in their initial canonical distributions characterized by the initial temperatures T L and T R . Therefore we search for the eigenstate in the form of the tensor product of the density matrices of the molecular system and the phonon systems as
where |ρ eq L ρ eq R is a tensor product of the Liouville space vector of the left and right thermal phonon equilibrium distributions represented by Eq. (15) . In Eq.(39), |ϕ (0) j is an eigenstate of the reduced collision operator for the molecular system defined bȳ
where Tr L⊗R stands for taking a partial trace of the thermal phonon systems, and thereforeΨ (0) (z) is still a super-operator working on the molecular system.
Up to the second order of the interaction, the reduced collision operator is represented bȳ
There are eight diagrams forΨ In the present model, the matrix element ofΨ (0) 2 is explicitly represented in terms of the transition probabilities as
where k Y,Y ±η r is a transition probability from |0, Y ± η (η > 0) to the |0, Y given by Eqs.(C12) and (C14).
When we define the reduced density operator as
it is found that for the weakly coupled system the f (t) obeys the following Pauli master equation of
where we have defined as
It has been known that this type of the master equation has a unique zero eigenstate and the other eigenstates have negative imaginary values of their eigenvalues. [32] [33] [34] [35] The zero value right eigenstate ofΨ (0) 2 is called collision invariant which is represented by
Here we take the normalization condition for φ Y as
which gives from Eq.(39) that Tr |u (0) 0 )) = 1. Correspondingly the collision invariant for the left eigenstate is given by
which satisfies ((ṽ 
Similarly the left eigenstate for the stationary state can be obtained as
which satisfies ((F 
First we shall consider the case for N = 2 where the nonequilibrium stationary state is analytically obtained. The nonequilibrium stationary population φ Y (Y = 1, 2) are obtained by
, (52a)
where ∆ is given as an energy differnce between the two molecular states of |E2 and |E1 (See Eq. (19)):
For a longer molecular chain, it is difficult to analytically obtain the nonequilibrium stationary state. Instead we have numerically solved the eigenvalue problem of the collision operator and obtained the collision invariant. As an example, we show in Fig.3 the results for a molecule with N = 10: the molecular level structure, the eigenstates of the molecular Hamiltonian (a), the spectrum of the collision operator (b), and the population of the collision invariant (c). In Fig.3 α( =0) < 0, as mentioned above. In Fig.3(c) , we have also shown by the dotted lines the canonical distribution for the average temperature T M ≡ (T L +T R )/2. At the low temperature, the nonequilibrium state population is different from the canonical distribution for the average temperature, while both agree well at the higher temperature. Furthermore, at the low temperature case where the discrete molecular level structure plays a key role, the nonequilibrium state population cannot be represented by the canonical distribution for any unique temperature. This suggests that due to the quantum effect the local temperature of the molecule cannot be identified at the low temperature case, in contrast to the classical system. [6] 
IV. ENERGY FLOW
In this section, we consider the energy flow in the nonequilibrium stationary state in terms of the zero eigenstate of L obtained in Section III. The energy flow through the molecule is evaluated by considering the energy change of the molecule. The energy change of the molecule in the nonequilibrium stationary state is obtained by
Using Eq. (14), w(t) is represented by
where we have used the fact that ( Eq.(12) , we can divide w(t) into two contributions due to the interactions with the left and the right thermal baths:
(57) The sign of w r (t) is positive when energy flow comes into the molecule from the thermal bath r = L or R.
Since LF 
Since in the long time Eq.(51) indicates that
it is found from Eq.(49) that U(∞) can be represented up to the second order of L M B as
(60) It should be noted that the first order correlation created from the collision invariant contributes to the energy flow in the nonequilibrium stationary state. [22, 27, 31] 
where 2 η>0 in Eq.(61b) can be replaced by η =0 . Here we would like to make a comment that the same formula can be derived by evaluating energy change of the thermal bath as shown in Appendix D.
We note that there is a striking correspondence between Eq.(61b) and Eq.(44): The right hand side of the two equations involve a common factor of (k This correspondence naturally leads it to a Landauer formula which has been widely used to interpret the carrier flow of the mesoscopic system in nonequilibrium situation. [4] [5] [6] 14] Landauer formula reads
where T (ω) is a transmission function determined by using Fermi's golden rule. In the simplest approximation, T (ω) = 1 is assumed, which results in a quantization of thermal conductance. [6] In more elaborate works, they have estimated the ω dependence of T (ω) reflecting a resonance effect due to the discretized molecular level structure. [17, 18] In the present model, the equation (61) can be cast into the form of Eq.(62) in terms of the transmission function defined by
The transmission function has a strong resonance characteristic for the molecular level structure, which is reflected in the delta function of Eq.(63):
While the energy flow due to the first order correlation can be represented by the Landauer formula as shown above, we shall show in the next section a physical quantity due to the higher order correlation, such as an induced polarization, cannot be represented by the Landauer formula. It is worthwhile to note that the Landauer formula is derived in our approach through the resonance effects between the molecular chain and the thermal baths, i.e., the dissipation occurs at the edges of the system contacting to the baths.
Before going to the next section, we shall show some examples of the energy flow in the nonequilibrium stationary state of the molecule. The energy flow is analytically obtained for a molecule with the length of N = 2 by using Eq.(52). In this case, we have
yielding
where ∆ is given by Eq.(53).
For a longer molecule we have numerically calculated the energy flow. As an example, we have shown in Fig.4 the energy flow through the same molecule as studied in Section III. We show the energy flow U st in the bird's-eye view in the T L -T R plane in Fig.4(a) and (b) . The wide temperature region of U st is shown in (a), and the low temperature region in an expanded scale in (b). We also show the energy flow U st as a function of T R for various values of T L in (c) and (d). It should be noted that while the energy flow is linearly proportional to the temperature difference near thermal equilibrium T L T R , this linear relation breaks down in far-from equilibrium.
The energy flow U st also depends on ε L and ε R . We show in Fig.5 the energy flow U st as a function of ε L and ε R for T L = 2.0 and T R = 0.01, where the other parameters are the same as in Fig.4 . The bird's eye view and the contour plot are shown in (a) and (b), respectively. The 
U
st is maximized at ε L − ε R = 0 as a function of ε L − ε R , because a transfer between the end states |L and |R through the molecule occurs most effectively. For different values of ε L and ε R , the energy transfer is allowed to occur due to the energetically spread molecular states as shown in Fig.2 . As temperature increases, the energy flow increases.
V. INDUCED POLARIZATION, PARTICLE CURRENT
In spite of the fact that the thermal force stems from complicated many-body dissipative effect, when the polarizable molecule is subject to an external thermal force under nonequilibrium condition, a polarization is induced, just like a simple mechanical force with an external electric field. We shall show that an induced polarization within the molecular states is attributed to the second order correlation so that the quantity cannot be reduced in a Landauer formula unlike the energy flow.
Polarization operator is represented by
when x m = md with a lattice constant d and the electric charge e. In the present work, we take e = 1. The conjugate current to the polarization is defined as a time derivative of the polarization:
Using Eq. (14), I(t) is then represented as
where we have used the fact that x|Tr L⊗R [L B + gL M B ] = 0, and f (t) is a reduced density operator of the particle given by Eq.(43). When we define the current operator asÎ
then the current I(t) is given by I(t) = Tr[Îf (t)]. Note that the current operatorÎ may be represented by using the site basis {|m } aŝ
which agrees with the ordinary definition of the particle current in a one-dimensional discrete lattice. [36] Considering that ρ(t) in the long time limit is given by
Eq.(59), we then have
i.e., the total particle current in the nonequilibrium stationary state vanishes because LF 
where we have defined a particle current component The product of the factors i) and ii) represents that the particle current is attributed to the transition of the particle between |Y − η/2 and |Y + η/2 molecular states. Furthermore, since the factor iii) is written as
the reduced density matrix f (t) should be non-Hermitian in order to obtain a non-vanishing I η,Y (t). This is quite contrast to a thermal equilibrium at β = 1/T where the density matrix is given by a Hermitian matrix ρ eq = exp[−βH] which leads to a vanishing particle current component, while I 
It should be noted that the contribution to the current component I st η,Y is attributed to the second order creation operator.
Inserting Eqs. (46) and (32) into Eq.(74), the explicit expression of I st η,Y is obtained as
or by using the transition probabilities of k is positive for a large Y while it is negative for a small Y : The induced polarization due to the molecular states with a higher energy is directed from high temperature side to the low temperature side.
We also show the temperature dependence of I for (η, Y ) = (3, 7/2), (3, 9/2), (3, 13/2), (3, 17/2). The particle current vanishes at T R = T L , and they linearly depends on the temperature difference around T R = T L , while they change nonlinearly in the low temperature region reflecting the discrete molecular level structures. This behavior corresponds to that of the energy flow shown in Fig.4 , because both the energy flow and the particle current are born out from the unique collision invariant by the actions ofĈ
So far we have investigated the particle current components attributed to a quantum correlation between a pair of molecular states. With use of the representation in terms of the site basis given in Eq. (4), we may reveal the quantum correlation in space which is generated in the nonequilibrium stationary state. Similarly to Eq.(73), we shall investigate the non-symmetricity of the off-diagonal elements of f (t) in terms of the site basis as
where |m, M is the Wigner basis in terms of the site basis defined similarly to Eq. (17) by
with use of site basis |M ± m/2 . We show in Fig.8 As an application of our result, let us give an example of a real physical system, a hole transfer in onedimensional chain of DNA base pairs. [9] In this case, a hole (or an electron) is an energy carrier and the molecular system has been described by the tight binding Hamiltonian given by Eq.(2). It has been known that in a chain of DNA bases, the site energy of a guanine (G) and cytosine (C) base pair is higher than that of a thymine (T) and adenine (A) pair: ε GC − ε T A 0.5eV, and the transfer between the base pairs have been estimated to be J 0.4eV. We show in Fig.9 (a) a typical result of the energy flow when we put two GC pairs at the both ends of a molecular chain with its length of N = 10, where we have taken g = 0.5. It is found that the energy flow increases nonlinearly with temperature; Note that T L,R = 300K corresponds to T L,R = 0.06 in our unit. The hole current in the molecular states is also shown in Fig.9(b) and the schematic picture of the energy flow and the particle current is shown in Fig.9(c) , where we fix T L = 0.07 and T R = 0.06 corresponding to 350K and 300K, respectively. It is found that the energy is transported by a particle current in the lower molecular states.
VII. CONCLUDING REMARKS
We have obtained the nonequilibrium stationary state under thermal force as the zero eigenstate of the Liouvillian of a molecular chain which is weakly coupled with different thermal baths at the both ends. The zero eigenstate is represented in the expansion of the order of correlation following the principle of the dynamics of correlation. The physical quantity in the nonequilibrium stationary state is derived by taking an expectation value of an observable with respect to the stationary state. The energy flow and the particle current are attributed to the first order and second order correlations created from the vacuum of correlation, respectively. Since the first order correlation is directly related to the collision operator in kinetic theory, the energy flow can be cast into the form of Landauer equation with a transmission function with a strong resonance which reflects a discrete level structure of the molecular states. It is also found that the thermal force induces an polarization, or its conjugate particle current, which cannot be cast into the Landauer type formula, because the particle current is attributed to the second order correlation. Even so, there is a correspondence between them in their temperature dependences.
Here we have dealt with the nonequilibrium transport process of a molecule coupling with a thermal phonon bath with very broad spectral width. It is interesting to investigate how the energy flow will be changed if we modify the phonon density of states in such a way that a particular molecular states be resonantly excited. By replacing a phonon field with a radiation field in the present work, we can investigate how the energy flow behaves under a monochromatic light excitation in a nonequilibrium stationary state. These further extensions of the present model will be shown elsewhere.
inner product of the Liouville space is defined by
where A and B are linear operators acting on wave functions, and A † is a Hermite conjugate of A. For the case where the wave function space is spanned by a complete orthonormal basis,
the Liouville space is spanned by a complete orthonormal basis of the dyads |α; β ≡ |α β| , i.e., α,β |α; β α; β| = 1 , α; β|α ; β = δ α,α δ β,β . (A3)
The matrix element of the usual operator A in the wave function space is given by
The Liouville basis is constructed of the tensor product of the eigenstates of the unperturbed Hamiltonian. For the molecular system and the thermal bath systems, the Liouville basis are written by
where |j denotes the eigenstate of H M given by Eq. (4), and |n r,q ; n r,q ≡ |n r,q n r,q | ,
where |n r,q is the number state for a thermal bath normal mode (r, q) of H B . In order to clarify the order of correlation, we prefer to use the Wigner basis defined by Eqs. (17) and (21):
and |ν r,q , N r,q ≡ |n r,q ; n r,q ,
where ν r,q and N r,q are defined in Eq. (21) . The Wigner basis is the eigenstate of L 0 as shown in Eq. (24) . The Wigner basis then form the complete orthonormal basis satisfying
where |{ν}, {N } ≡ r,q |ν r,q , N r,q . Now we consider the matrix element of the interaction 
where δ stands for the product of the Kronecker delta except for the interaction normal mode of (r, q). We draw the diagram of the correlation corresponding to these four terms in Fig.10 . In the figures, the dotted line denotes the correlation, ν r,q , of the phonon mode involved in the interaction, and the solid or double solid lines denote the correlation, η or η , of the molecular state. The filled circle stands for the vertex of the interaction whose matrix element is written at the vertex. The diagrams of (a) and (c) correspond to Eqs.(A12a) and (A12c), each of which is attributed to the b r,q (phonon absorption) and
where the phonon line appearing on the left side of the vertex implies that the transition of the particle ket state |η, Y |ν r,q + 1, N r,q + 1 2 In this section, we shall summarize the complex spectral representation of Liouvillian. [24] Useful formula for this paper are listed without proof. The reader may refer to some references for detail. [24] [25] [26] In the complex spectral representation of Liouvillian, we consider the eigenvalue problem for each correlation subspace (µ) = (η, ν), where η and ν represent the order of the correlation of the particle and phonon, respectively.
The complex eigenvalue problem is written as
where the Liouvillian can have complex eigenvalues ImZ (µ) j = 0. It has been shown that the time evolution splits into two semigroups; one is oriented toward our future t > 0 with ImZ (µ) j < 0 (equilibrium is approached for t → ∞), while the other is oriented toward our past t < 0 with ImZ (µ) j > 0. All irreversible processes have the same time orientation. To be self-consistent we choose the semigroup oriented toward our future, which determines the direction of the analytic continuation of the eigenfunction of L. [24, 28] Now we introduce the projection operators defined in (25) which satisfy
µP (µ) = 1 .
We also introduce the projection operatorŝ
which are orthogonal toP (µ) . . UsingD (µ) (z), the collision operatorΨ (µ) (z) is also written aŝ
The normalization constant N 
We have revealed the correspondence between the eigenvalue problems of the Liouvillean L and the collision operatorΨ (µ) .
The transition probabilities are then given by
Appendix D: Energy Flow in terms of a energy change of the thermal bath
In this section, we shall show that the formula of the energy flow Eq.(61) is also obtained by investigating the energy change of the thermal bath systems. We can denote the energy flow from the left thermal bath as a energy change of the left thermal bath:
. This definition coincides with the ordinary definition of the particle current from a particle bath to a mesoscopic system. [37] Using Eqs.(A12) and replacing ρ(t) with F 
The energy flow going out to the right thermal bath has been calculated similarly. By summing up the two contributions to obtain the same results as given in Eq.(61). These derivations mentioned here is to clarify that the energy flow which is carried by a phonon particle flowing from the left bath to the right one. This is the reason why the energy flow in the present case is described by the Landauer formula which is mostly used to represent the electronic current in which an electron flows in from an electron reservoir at one end and going out to the other end through a one-dimensional mesescopic system.
